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Abstract
The concentration and type of free radicals from the decay (termination
stage) of pyrolysis at slow and fast heating rates and at high temperatures
(above 1000◦C) in biomass char have been studied. A room-temperature
electron spin resonance spectroscopy study was conducted on original wood,
herbaceous biomass, holocelluloses, lignin and their chars, prepared at high
temperatures in a wire mesh reactor, an entrained flow reactor, and a tubu-
lar reactor. The radical concentrations in the chars from the decay stage
range up between 7·1016 and 1.5·1018 spins g−1. The results indicated that
the biomass major constituents (cellulose, hemicellulose, lignin) had a mi-
nor effect on remaining radical concentrations compared to potassium and
silica contents. The higher radical concentrations in the wheat straw chars
from the decay stage of pyrolysis in the entrained flow reactor compared to
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the wood chars were related to the decreased mobility of potassium in the
char matrix, leading to the less efficient catalytic effects of potassium on
the bond-breaking and radical re-attachments. The high Si levels in the rice
husk caused an increase in the char radical concentration compared to the
wheat straw because the free radicals were trapped in a char consisting of a
molten amorphous silica at heating rates of 103 - 104 K s−1. The experimen-
tal electron spin resonance spectroscopy spectra were analyzed by fitting to
simulated data in order to identify radical types, based on g-values and line
widths. The results show that at high temperatures, mostly aliphatic radicals
(g = 2.0026-2.0028) and PAH radicals (g = 2.0027-2.0031) were formed.
Keywords: electron spin resonance spectroscopy, biomass, char, fast
pyrolysis, alkali
1. Introduction1
Understanding pyrolysis of biomass-derived materials is an important step2
in optimization of biochar production. The application of biomass as a sub-3
stitute for coal as a reducing agent in metallurgical processes can decrease4
the direct CO2 emissions [1]. The present technology allows conversion of5
biomass to biochar, but due to limited knowledge about biochar properties6
and high costs, the application of biochars is limited [2]. The yield and prop-7
erties of the biochar, including size, morphology, composition, and reactivity8
depend strongly on the pyrolysis conditions. Knowledge of the char structure9
at the molecular level including the presence of free radicals and oxygen het-10
eroatoms is essential for the understanding and prediction of biochar valuable11
properties in metallurgical applications. The highly reactive biochars are re-12
2
quired in a blast furnace, whereas in iron sintering processes, the low reactive13
biochars are desired [3]. High heat treatment temperature and mineral mat-14
ter produce free radicals [4, 5], which are accumulated at the biochar surface15
and consequently the reactivity of the sample is increased [6, 7]. The mechan-16
ical strength of biochars affects significantly the application in metallurgical17
processes [3]. Higher free radical concentrations favor chemical activity and18
cross-linking reactions, which enhance the physical and mechanical strength19
of composites [8, 9]. Little is known about the influence of feedstock type on20
the biochar production and pyrolysis by-products.21
Electron spin resonance spectroscopy (ESR) has been used in many inves-22
tigations since the discovery of free radicals in coal by Uebersfeld al et. [10].23
The electron spin resonance spectroscopy has been used to describe the con-24
centration and chemical structure of free radicals in different coals as reported25
in the previous studies [10–13]. The majority of investigations on free radical26
reactions of biomass focused on char generated at slow heating conditions27
(1-50 K min−1) and long holding times [14–20].28
Bourke et al. [7] investigated high temperature pyrolysis (750-1000◦C)29
under slow heating of corncob and sucrose, and detected the presence of30
carbon-centered radicals as a narrow electron spin resonance signal. More-31
over, they observed a mixture of narrow and broad ESR signals, arising from32
two different types of radicals which were a disorganized carbon with un-33
paired electrons (narrow signal) and an organized carbon with a conductive34
electron (broad signal). Schurr et al. [18] showed that in a pyrolyzed biomass35
the g-factor of the ESR signals was related to the remaining oxygen in the36
char, and when the heat treatment temperature increased, the g-factor de-37
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creased and approached the free electron g-factor with a value of 2.0023.38
As the g-factors were close to the g-factor of a free electron, the EPR sig-39
nal in the char was mainly derived from unpaired electrons associated with40
aromatic delocalized pi system [19]. Similar to coal pyrolysis [12, 13, 20–23],41
increasing heat treatment temperature decreased the O/C and H/C ratios in42
the biomass, leading to a reduction of the oxygen-centered radicals relative43
to the original biomass (g = 2.0040-2.0060), and formation of the carbon-44
centered radicals in the char (g = 2.0025-2.0040). Moreover, they observed45
that more stable carbon-centered radicals than the σ-CH2-carbon-centered46
type were formed. The relevant g-factors for biomass pyrolysis are summa-47
rized in Table 1.48
The formation of free radicals is initiated by primary pyrolysis reactions,49
where the organic compounds are cracked to small unstable radical frag-50
ments [23]. These radicals react with more stable low-molecular weight PAH51
such as naphthalene and may grow into larger high-molecular PAHs struc-52
tures, containing delocalized unpaired carbon-centered pi-electrons with an53
additional presence of aliphatic radicals. Due to the homolytic cleavage of54
β-aryl-ether bonds of lignin, highly reactive and unstable free radicals are55
initially obtained that may react through rearrangement, electron abstrac-56
tion or interactions between radicals, to form stable products as described in57
the literature [24–26].58
During pyrolysis free radicals may detach from the fuel macromolecules,59
and leave the particle as volatile matter if they have a sufficiently high vapor60
pressure [27, 28]. However, most of them, being reactive, seek stabilization61
by reacting with reactive species near them [27]. The stabilization of free62
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radicals (cracking, condensing) results in the formation of char and tar from63
the larger fragments, manifested by the char fluidity decrease [29]. The char64
may release more volatile matter during reaction stages where radicals are65
present in high concentrations [27]. More free radicals were proposed to be66
present in the char matrix. However, many of the radicals generated during67
pyrolysis were hypothesized to be ESR silent [30] or to disappear from the68
char matrix after pyrolysis [31–34]. Kihedu et al. [35] reported that free radi-69
cals produced during bond breaking in fuels with a high hydrogen level, may70
prevent repolymerization / cross-linking reactions by the hydrogen donor-71
acceptor mechanism and therefore decrease the char yield.72
The effect of free radicals from the decay stage of pyrolysis (termination73
stage) at fast heating conditions and at high temperatures (above 1000◦C)74
on the biomass char yield has not been discussed previously. The objectives75
of the present work was to characterize experimentally the remaining free76
radicals after pyrolysis. The knowledge about remaining free radicals will77
help to understand the role of free radicals trapped in the solid matrix on the78
biomass cross-linking / depolymerization. A primary emphasis of the present79
study was placed on the influence of heating rate and biomass composition80
effect on the free radical yield and type in the solid char matrix, generated81
from wood and herbaceous lignocellulosic materials.82
2. Material and methods83
2.1. Char preparation84
The char samples were obtained in separate pyrolysis experiments per-85
formed at a slow heating rate (10 K min−1) in the tubular reactor, and at an86
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intermediate heating rate (1000 K s−1) in the wire mesh reactor and at a fast87
heating rate (103-104 K s−1) in the entrained flow reactor.88
Wire-mesh reactor. The wire mesh reactor at TU Munich, previously de-89
scribed by Tremel et al. [36], can be operated up to a temperature of 1400◦C,90
has a maximal heating rate of 3000 K s−1, and a maximal pressure of 50 bar.91
The investigations on the wire mesh reactor were conducted at 1000, 125092
and 1400◦C with a heating rate of 1000 K s−1. The holding time on the mesh93
was 1 s or 2 s. The schematic top view of the wire mesh reactor is shown in94
Figure 1. The temperature distribution on the wire mesh was assumed to be95
uniform. However, on the mesh side near the electrodes, the temperature was96
proposed to be lower than in the middle as reported by Hoekstra et al. [37].97
In order to ensure high reproducibility of char yield data, the sample was98
therefore placed centrally. A biomass initial weight of ca. 3 mg was applied99
for all experiments.100
Tubular furnace. A tubular reactor, placed in a furnace (Entech, ETF 3050101
/ 15S) was used for the fixed-bed pyrolysis experiments with a heating rate102
of < 10 K min−1 and at a temperature of 1000◦C. The furnace consists of103
a stainless steel tube with an alumina tube fitted with electrical heating104
elements and gas supply (Figure 2). 5 mg of the virgin sample was loaded into105
the alumina boat placed in the furnace middle. Once the preset temperature106
was reached, the sample was kept for about 10 minutes in the furnace to107
ensure complete conversion.108
Entrained-flow reactor (BabiTER). The entrained flow study was carried out109
with the Baby High Temperature Entrained Flow Reactor (BabiTER) at TU110
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Munich. The layout of the entrained flow reactor is shown in Figure 3 [38, 39].111
The mass flow of the pulverized biomass can be varied from 50 g h−1 to 1 kg112
h−1 and is controlled by a software connected to the balances. The pre-heated113
nitrogen is mixed with the biomass in the entry of the reaction tube. In this114
work, the experiments were carried out with the entrained flow reactor at115
temperatures of 1000, 1250 and 1500◦C. The BabiTER system is limited to116
use particles with a characteristic length < 0.5 mm. A biomass feeding rate117
of 300 g h−1 was selected for the rice husk. At 1000 and 1250◦C, the wheat118
straw and leached wheat straw was fed with 200 g h−1, and at 1500◦C with119
100 g h−1 to ensure continuous biomass feeding. The sampling probe was120
kept at a constant height, enabling a residence time of about 1 s during all121
experiments.122
Char yield determination in the wire mesh and entrained flow reactors. The123
average char yield was determined from at least five pyrolysis experiments124
in the wire mesh reactor for each condition. The char yield (Ys) in the wire125
mesh reactor was calculated according to equation 1:126
Ys =
mmesh+char −mmesh
(mmesh+biomass −mmesh) · (1−Xwater) · 100 (1)
where Xwater is the mass fraction of moisture in the original biomass. The127
char yield of the Si-rich wheat straw and rice husk in the entrained flow reac-128
tor including ash was quantified by using Si as a non-volatile tracer element,129
as proposed by Damø et al. [40], according to equation 2:130
Ys = 100 · cSi,fuel
cSi,char
(2)
cSi,fuel is Si mass fraction of the dry fuel, cSi,char is Si mass fraction of the131
dry char. The method with application of silicon as an ash tracer is based132
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on the assumption that all Si is retained in the char.133
2.1.1. Biomass composition134
Prior to the pyrolysis experiments, pinewood, beechwood, wheat straw135
and rice husk were comminuted on a hammer mill and sieved to the particle136
size fractions 0.05-0.2 mm for the wire mesh and tubular reactor experiments137
and to 0.09-0.18 mm for the entrained flow reactor study. The raw Scots138
pinewood (Pinus sylvestris L.) originates from Jylland (Denmark), whereas139
beechwood (Fagus sylvatica) was harvested in Hannover (Germany). The raw140
rice husk (Oryza sativa L.) and wheat straw (Triticum aestivum L.) originate141
from North Vietnam (Sapa plantage) and Denmark (Aabenraa plantage). For142
the individual biomass compounds organosolv lignin (Alcell) from loblolly143
pinewood (Pinus taeda) (BOC Sciences, US) and lignin from wheat straw144
(BOC Sciences, US), xylan from beechwood (purity 97.3 %, Sigma-Aldrich,145
St. Louis, US) and cellulose (Avicel PH-101, Sigma-Aldrich, US) were used.146
Xylan from beechwood (Fagus sylvatica) originates from North America,147
and consists of 1,4-linked β-xylopyranosyl units substituted by 4-O-methyl-148
α-D-glucopyranosyl uronic acid units [41]. The xylosyl-to-uronic acid ratio149
is 8:1. Organosolv lignin from wheat straw originates from wheat residues in150
Eastern Oregon (US), whereas organosolv lignin from softwood was harvested151
in Arkansas (US).152
The wheat straw was leached in deionized water (room temperature) by153
continuous stirring for 12 h, followed by drying at 30◦C in an oven desiccator154
without any ventilation. The mineral content after biomass leaching was155
determined by ash analysis. Due to the wheat straw leaching, the metal156
content was reduced to ≈ 60 % of the original value and the Cl, S, K, Na and157
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P contents were strongly reduced.158
The compositional analysis of lignocellulosic materials (cellulose, hemicel-159
lulose, acid-soluble lignin, acid-insoluble lignin, protein and extractives) was160
conducted according to NREL technical reports [42–44] and Thammasouk et161
al. [45], and shown in Table 3. The water-ethanol extraction was performed162
on wheat straw, alfalfa straw and rice husk which contain a high level of163
hydrophilic and lipophilic extractable compounds [45]. The extraction com-164
prised of a water extraction after which the remaining solid was extracted165
in 95 % ethanol, as described by Thammasouk et al. [45]. In addition, the166
original sample was also extracted using 95 % ethanol. These operations al-167
lowed for the determination of the total amount of water-soluble extractives,168
ethanol-soluble extractives, and water-insoluble but ethanol-soluble extrac-169
tives, as well as the total extractives removed under a sequential extraction170
using water and then ethanol.171
2.1.2. Methods172
Elemental analysis. The elemental analysis was performed in quadruplicates173
on two instruments of the same model (Eurovector, model EA3000) to deter-174
mine CHN and oxygen contents of chars prepared in the tubular, wire mesh,175
and BabiTER reactors. Acetanilide was used as a reference standard. The176
ash content of the chars was determined using a muffle oven.177
Ash compositional analysis. The ash content of 1 g raw biomass and char178
samples was determined in triplicates by oxidation at 550◦C for 7 h in the179
muffle oven [46]. The ash compositional analysis was performed by an X-180
ray fluorescence instrument (Shimadzu, model EDX 800-HS) at TU Munich.181
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The ash (about 200 mg) which was generated at 550◦C was initially mixed182
and then pressed with a special wax (mixture ratio 1:5). The Cl and S183
content in the ash was analyzed by ion chromatography (IC) at TU Wien.184
The ash sample was dissolved in ultrapure water at 120◦C for 1 h, and then185
the solution was filtered and analyzed by IC.186
13C solid state NMR spectroscopy. Solid-state NMR analysis was carried out187
on a Bruker Avance 400 NMR spectrometer (9.4 T) operating at Larmor188
frequencies of 400.13, 100.58 and 79.48 MHz for 1H and 13C respectively.189
All experiments were conducted using a double resonance probe equipped190
with 4 mm (o.d.) rotors. Samples were analyzed at room temperature by191
single-pulse (SP) magic angle spinning (MAS) as well as cross polarization192
(CP) MAS [47] utilizing high-power 1H two-pulse phase-modulated decou-193
pling (TPPM) [48] during acquisition and employing a spin-rate of 9 kHz.194
The 13C CP/MAS spectra were recorded using a recycle delay of 8 s, a con-195
tact time of 1 ms, an acquisition time of 45.9 ms and 4096 scans, whereas the196
13C SP/MAS spectra were recorded using a recycle delay of 128 s, an acqui-197
sition time of 45.9 ms and 1080 scans. All 13C NMR spectra were referenced198
to the carbonyl resonance of an external sample of α-glycine at 176.5 ppm.199
Electron spin resonance spectroscopy. Electron spin resonance (ESR) spectra200
were recorded on a Jeol JES-FR30 ESR spectrometer (JEOL Ltd., Tokyo,201
Japan). Samples were placed in a closed-bottom quartz capillary tube with a202
wall thickness of 0.75 mm and an outer diameter of 5 mm. The measurements203
were carried out at room temperature with a microwave power of 4 mW, and204
a modulation width of 0.1 mT, sweep width of 50 G, sweep time of 0.5 min,205
time constant of 0.3 s. The intensity of all signals was recorded relative to206
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the intensity of a Mn (II)-marker (JEOL Ltd., Tokyo, Japan) attached to the207
cavity of the spectrometer. Since the area under the ESR adsorption curve208
is directly proportional to the number of paramagnetic centers contributing209
to the resonance, the spin concentration (spins g−1) of a sample, Ns.spin, was210
calculated by comparing the double integrated areas of the sample signals,211





A solid sample of CuSO4·5H2O of known weight was used as a standard for213
calculating the number of spins in the Mn (II)-marker signals as shown in214
equation 4 [50]:215
Nmarker =
nCuSO4·5H2O ·NA · Amarker
ACuSO4·5H2O
(4)
The calculation of a spin sample concentration (cs.spin) is based on the ratio216










In equation 6, g1-factor of a digital marker (1.981), H1 and H are positions219
of the digital marker (H = 335.7 mT) and signal center (H = 337.1 mT).220
Fitting of experimental ESR-spectra to simulated data was done using221
WinSim software, as described by Duling et al [51]. The WinSim software is222
based on the LMB and simplex optimization methods to fit an experimental223
ESR spectrum to a combination of simulated free radical ESR spectra. Each224
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spectra was assumed to be isotropic, spin = 1/2 without contributions from225
hyperfine splittings. The simulation of spectra gave the relative amounts of226
radical derivatives as well as optimized values of line widths and g-factors.227
Optimizations all gave best fits to the experimental ESR spectra with a root228
mean square (RMS) > 0.85.229
The ESR analysis of biomass char was conducted the next day after char230
generation, and compared with the results seven month later. The radical231
concentration showed negligible differences (< 5 %) over a period of seven232




The char yields generated at 1000◦C in the wire mesh reactor and at237
1000-1500◦C in the entrained flow reactor were determined for all lignocel-238
lulosic materials (Figure 4(a)). The char yields on dry ash free basis (daf)239
of rice husk, leached wheat straw and pinewood in the wire mesh reactor240
were equally similar and low (ca. 4 % daf). The alkali lean rice husk, leached241
wheat straw and pinewood show a significant variation in biomass major com-242
pounds. This indicates that any differences in biomass composition (cellulose,243
hemicellulose and lignin) between straw and wood only result in small char244
yield differences. The char yields of beechwood (rich in Ca, K) and wheat245
straw (rich in Ca, K, Si) were 4-10 % points higher than char yields from246
pyrolysis of other lignocellulosic materials which were associated with the247
catalytic effect of alkali metals that affect polymerization/ cross-linking [52].248
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The char yield from pyrolysis of wheat straw at 1000◦C in the entrained249
flow reactor was 7 % lower than the char yield in the wire mesh reactor,250
due to the differences in heating rate and residence time (Figure 4(b)). The251
pyrolysis in the wire mesh reactor was carried out with a lower heating rate252
(1000 K s−1) than in the entrained flow reactor (104 K s−1). The char yield of253
wheat straw decreased with increasing temperature, indicating a dependency254
of the char yield on the heat treatment temperature. An opposite tendency255
was observed during the rice husk pyrolysis, where the char yield decreased256
only slightly from 5 to 3.5 % by weight in a temperature range of 1000-257
1500◦C. The heat treatment temperatures and silica contents did not seem258
to affect the char yield of rice husk, based on the small differences in char259
yields obtained at 1000, 1250 and 1500◦C.260
The wheat straw and rice husk chars were collected from the fast pyrol-261
ysis in the entrained flow reactor, and were analyzed by X-ray fluorescence262
(XRF), Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-263
OES) and Ion Chromatography (IC). The results of ash compositional anal-264
ysis of original wheat straw, rice husk and their chars are shown in Figure 5.265
The analysis of rice husk chars generated at temperatures of 1000-1500◦C266
indicated high concentrations of silicon oxides along with smaller amounts of267
potassium, aluminium, iron, sodium and magnesium. The wheat straw char268
at all applied heat treatment temperatures contained potassium and calcium269
along with a high concentration of silicon, leading to the formation of sili-270
cates [53]. About 70 % of potassium has been released during wheat straw271
pyrolysis in a temperature range of 1000-1500◦C, and potassium at 1500◦C272
is bound to silicates (Figure 5). The ash compositional analysis of wood and273
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herbaceous biomass chars obtained in the wire mesh and tubular reactors274
was not performed due to the limited amount of the biomass chars.275
3.1.2. Elemental analysis276
Figure 6 shows a Van Krevelen plot of original lignocellulosic materials277
and their chars, generated in the wire mesh, tubular and entrained flow278
reactors to study the effect of heating rate and heat treatment temperature279
on the char composition. The results in Figure 6(a) indicate that the oxygen280
content in rice husk char is higher than in beechwood and wheat straw chars.281
Figure 6(b) shows that temperatures above 1000◦C led to an increase in the282
carbon content of the rice husk and wheat straw chars due to the preferential283
release of hydrogen, oxygen and nitrogen.284
3.1.3. 13C solid state NMR spectroscopy285
The effect of temperature on the organic matter transformation of char286
prepared in the wire mesh reactor and tubular reactor, was investigated using287
13C CP/MAS and 13C SP/MAS NMR. The NMR spectra are displayed in288
Figure 7 and the associated spectral assignments shown in Table 4.289
The most intense resonance in the 13C MAS NMR spectra of chars is a290
broad resonance centered at 125 ppm indicating the presence of disordered291
aromatic residues, whereas resonances originating from cellulose (amorphous292
and crystalline), hemicellulose and lignin were observed in the spectra of293
the original lignocellulosic materials. It was noted that the CP/MAS and294
SP/MAS spectra of original lignocellulosic materials were almost identical,295
whereas differences between these two spectra were observed for the chars.296
During the char formation charged species are formed and some of these297
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are paramagnetic. As reported previously [54] the presence of paramagnet-298
ics will increase relaxation rates and line widths. In close proximity of the299
paramagnetic sites this may even broaden the resonances beyond the limit300
of detection. For the wheat straw and rice husk heated at 10 K min−1 no301
resonances were observed in the CP/MAS spectra. The remains of polysac-302
charides and lignin were detected in the CP/MAS spectra of beechwood and303
rice husk samples heated at 1000 K s−1. This indicates the increased arom-304
atization of the lignocellulosic material and formation of more graphene-like305
structures compared to chars generated in the wire mesh reactor [55]. Since306
these compounds were not observed in the corresponding SP/MAS spectra,307
this means that it is only a small fraction of the immobile part of the sample308
that contained polysaccharides and lignin.309
No resonances were observed in the CP/MAS spectra of wheat straw310
and rice husk chars generated at slow heating rate (10 K min−1) whereas311
a resonance in the spectrum of beechwood was present. Comparison with312
the H/C- and O/C-ratios in Figure 6 shows that H/C ratios of beechwood313
are similar to the values for wheat straw, whereas the O/C ratio for slowly314
heated beechwood is a factor of 8-10 lower than wheat straw and rice husk.315
The lower oxygen content makes the beechwood less sensitive to effects of316
charged species such as paramagnetics. According to Figure 8(a), the number317
of paramagnetic spins in beechwood is higher that in wheat straw and rice318
husk. Therefore, it is not the amount of paramagnetics that is the main319
reason for the lack of CP efficiency for wheat straw and rice husk. It is320
rather a high oxygen abundance that leads to a higher sensitivity towards321
paramagnetics in the sample. demonstrate that the primary reason for lack322
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of resonances is not the low H/C ratio but the presence of paramagnetics.323
3.2. Electron spin resonance spectroscopy324
3.2.1. Spin radical concentration325
Spin concentrations of free radicals trapped in the chars were measured326
using electron spin resonance spectroscopy (ESR). The effects of heating rate327
(10 K min−1 or 1000 K s−1), holding time (1 or 2 s) and biomass origin (wood328
or herbaceous biomass) on the spin radical concentration at 1000◦C were329
investigated.330
Figure 8(a) shows that the radical concentrations in wood chars were sig-331
nificantly higher than in herbaceous chars at 1000◦C. The radical concentra-332
tion in biomass chars, pyrolyzed in the wire mesh reactor was up to 60 %333
higher than in chars from the tubular reactor. The ESR signal intensities334
decreased when holding time was increased from 1 to 2 s in the wire mesh335
reactor (Figure 8(b)). The ESR signal intensities in chars from beechwood336
hemicellulose and lignin are compared in Figure 8(c). The Avicel cellulose337
char, prepared at 1000◦C in the wire mesh reactor, did not show ESR sig-338
nals of any free radicals (data not shown). Chars produced by pyrolysis of339
hemicelluloses had lower concentration of radicals than chars from pyroly-340
sis of lignin due to the aromatic structure of lignin. This results suggest a341
significantly influence of lignin on the radical concentration of chars at the342
decay stage [8]. Radicals generated from the primary pyrolysis reactions can343
be trapped in the polyaromatic matrix of lignin [56], and stabilized by the344
delocalized unpaired electrons [57, 58]. The major products from cellulose345
pyrolysis (levoglucosan and other light oxygenates) do not have unpaired346
electrons [59], and therefore, the radical concentrations in the char from the347
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decay stage is low. The char prepared from softwood lignin at 1000◦C with 1 s348
holding time showed a higher concentration of radicals than the wheat straw349
lignin char. However, smaller differences in radical concentrations between350
leached wheat straw and beechwood chars indicate a minor effect of the lignin351
composition than the alkali influence on remaining radical concentrations.352
In the entrained flow reactor, free radicals were not observed in the wood353
and leached wheat straw chars at 1000-1500◦C. The concentrations of radicals354
in the wheat straw char changed only slightly with increasing temperature355
in the entrained flow reactor. In contrast, the concentrations of remaining356
radicals in the rice husk char increased above 1000◦C (Figure 8(d)).357
3.2.2. g-Factors and radical types358
The experimental ESR-spectra were analyzed by fitting to simulated spec-359
tra in order to identify radical species. A model based on a mixture of two360
radical types which were assigned to carbon-centered and oxygen-centered361
polyaromatic radicals was found to adequately fit the experimental ESR spec-362
tra. This allowed determination of relative amounts of the radicals and their363
g-values and line widths. The fitting of simulated ESR-spectra to the ex-364
perimental spectra of the original beechwood and rice husk chars prepared365
in the wire mesh reactor are shown in Figure 9. The ESR signals were sym-366
metric without hyperfine splittings for the original biomass and as well as its367
chars formed under both slow and fast heating (Figure 10(a)). The ESR lines368
were a mixture of Lorentzian and Gaussian fitting, yet with the dominating369
Lorentzian shape.370
The fitted ESR spectra of the original lignocellulosic materials had line371
widths (LW) in the range 1.7- 7.1 G and g-factors in the range 2.0031-2.0052,372
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while the spectra of the chars gave LW = 2.5-7.1 G and g = 2.0026-2.0046373
(Tables 5 and 6). Radicals with g-factors outside the range 2.002-2.006 were374
not observed in the present study. Sulfur radicals were probably not present375
in the char matrix due to the higher g-values of sulfur-containing radicals376
(g = 2.0080-2.0081). Nitrogen-containing radicals that have g-values similar377
to the oxygen-containing radicals (g = 2.0031), but usually have broad line378
widths (5.7-8.2) G [60], cannot be excluded based on values (Tables 5 and 6).379
However, the hyperfine coupling to 14N was not detected. Thus, the presence380
of nitrogen-containing radicals is less likely.381
The original lignocellulosic materials and compounds gave ESR spectra382
with radicals with higher g-values than their derived chars, indicating higher383
levels of oxygen-containing radicals (Tables 5 and 6). The chars prepared384
under slow heating could be fitted by two spectra with g-values (2.0026-385
2.0046), indicating two radical types which were assigned to oxygen-centered386
radicals (g = 2.0038-2.0047) [12] and carbon-centered radicals (g = 2.0025-387
2.003) based on their g-values [12, 61, 62].388
The simulated spectra indicated two slightly different species in the wood389
and herbaceous chars generated by fast heating with 1 s holding time. These390
radicals were most likely of a polyaromatic origin (g = 2.0029) with either 1-5391
ring aromatic hydrocarbons (g = 2.0026-2.0028) or carbon-centered radicals392
with containing oxygen [13]. When the holding time increased from 1 to393
2 s, the spectra could be described by only one type of radicals, which was394
proposed to consist of a complex polyaromatic structure with more than five395
rings like benzoperylene or coronene (g = 2.0029) [13]. Interestingly, only rice396
husk char, prepared in the wire mesh reactor with 2 s holding time, showed397
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the presence of two types of radicals. The g-factors of hemicellulose and398
lignin char radicals decreased with oxygen elimination and formation of PAH399
structures with the stable aromatic radicals (g = 2.0031). The remaining400
radicals in the hemicellulose char are most likely of a similar carbon-centered401
type with the negligible structural differences (g = 2.0029-2.0031) (Table 6).402
The results of the present study indicate that the free radicals in soft-403
wood and wheat straw lignin chars form more complex polyaromatic radical404
structures with an oxygen, corresponding to investigations of Tian et al. [23].405
The wheat straw and rice husk chars, generated in the entrained flow reactor,406
formed aromatic radicals of a similar type as it was observed in the chars,407
prepared at a lower heating rate in the wire mesh reactor.408
4. Discussion409
The ESR analysis was performed on the original wood, herbaceous biomass410
and plant cell wall compounds and their chars, prepared at different heat-411
ing rates and at temperatures above 1000◦C in the tubular, wire mesh and412
entrained flow reactors. The free radicals were detected by ESR in the char413
matrices obtained during the decay stage after pyrolysis was completed. The414
decay stage of pyrolysis is characterized by the radicals, which are stabilized415
by entrapment in the solid biomass char matrix at room temperature [23].416
The wood, leached wheat straw and rice husk gave a lower char yield and417
higher free radical concentrations than wheat straw in the wire mesh reactor418
with a heating rate of 1000 K s−1 and at a temperature of 1000◦C. The high419
levels of carbon-centered radicals, which were detected in the chars from the420
decay stage, may inhibit repolymerization / cross-linking [24], and decrease421
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the wood char yield. The cross-linking of wheat straw char prepared in the422
wire mesh reactor was proposed to be additionally affected by the high potas-423
sium level, leading to the higher char yield and lower radical concentrations424
than in wood and leached wheat straw chars. High heating rates cause a425
strong bond-breaking in lignocellulosic materials before it starts to cross-link426
and therefore becomes fluid, leading to a significant tar release. The high427
levels of potassium cause less severe plasticization by catalyzing the con-428
version of bridges into char links, and therefore increasing polymerization/429
cross-linking and reducing char fluidity. The wood and leached wheat straw430
chars, generated in the entrained flow reactor, had no remaining free radicals,431
indicating an efficient recombination of radicals. The radical quenching (re-432
combination reaction) of wood and leached wheat straw was mainly affected433
by the higher heating rate in the entrained flow reactor than at slow and434
intermediate heating rates in the wire mesh and tubular reactors. The tubu-435
lar reactor at slow heating rate conditions provides a longer time of radical436
stabilization, and thus, longer reaction times to form non-radical products in437
the char matrix.438
The high potassium content in the wheat straw affected catalytically the439
radical concentration in the char matrix. Sancier et al. [63] discussed the440
mechanism of potassium effect on the radical concentration in catalytic coal441
gasification. The high potassium levels accelerate the formation of reactive442
aliphatic radicals (g = 2.0030). The formation of potassium-carbon bonds,443
such as in the potassium rich wheat straw, can weaken carbon-carbon bonds444
in aromatic rings and thereby facilitate bond breaking at high temperatures.445
This leads to formation of aliphatic radicals which react further to produce446
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stable polyaromatic compounds through polymerization / cross-linking re-447
actions at an early stage of the pyrolysis [64–67]. At temperatures of 1000-448
1500◦C close to 70 % potassium in the wheat straw has been released (Fig-449
ure 5), and the remaining potassium was probably bonded to the wheat straw450
char in phenolate groups or intercalated in graphene layers [68], reducing the451
mobility of potassium in the char matrix. The higher radical concentrations452
in the wheat chars from the decay stage of pyrolysis in the entrained flow453
reactor compared to the wood chars may be related to the decreased mobility454
of potassium in the char matrix, leading to the less efficient catalytic effects455
of potassium on the bond-breaking and radical re-attachments.456
The increased radical concentrations in the rice husk chars, generated in457
the entrained flow reactor, were caused by the formation of carbon-centered458
radicals. The rice husk contains high concentrations of silicon that is present459
as silicon oxides with small amounts of alkalis and other trace elements.460
Lanning [69] concluded that silicon occurs in rice husk in a hydrated amor-461
phous form (opal or silica gel), located mainly in the outer epidermis and462
filling the inner channels in the spiral structure of the epidermal cells. In463
addition, Liu et al. [70] and Sharma et al. [71] proposed that the silica in464
the rice husk is combined with carbohydrates. In the present study, the465
ash compositional analysis showed that the elemental silicon content in the466
rice husk chars generated in the entrained flow reactor remained unchanged467
(Figure 5). The radicals formed at rapid heating rates were proposed to be468
trapped upon fast cooling in a glassy char structure composed of an amor-469
phous silica phase (glass transition temperature ≈ 730◦C) [72]. Trapping of470
organic radicals in amorphous silicon has been reported by Friebele et al. [73],471
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who detected methyl radicals in a heat-treated synthetic silicon fused in a472
hydrogen-oxygen flame.473
Two types of free radicals were identified by fitting the ESR-spectra to474
the simulated data. Biomass chars, generated at different operational con-475
ditions, showed almost negligible differences in the radical structure. The476
original lignocellulosic materials contained mostly oxygen-centered radicals,477
whereas at high temperatures aliphatic carbon-centered radicals (g = 2.0026-478
2.0028) and PAH radicals (g = 2.0027-2.0035) were formed during pyrolysis479
in the wire mesh and entrained flow reactors. The decreased experimental480
sensitivity of 13C CP/MAS and 13C SP/MAS NMR analysis was caused by481
the isolated free radicals in the carbonaceous bulk as it was proposed by482
Bardet et al. [74].483
The heating rate and heat treatment temperature affected the dominating484
ESR signal shape less than the high Si mass fraction in the rice husk that485
caused an ESR line broadening (≈ 7.1 G) in the pyrolysis. Moreover, the486
fitting of ESR-spectra to the simulated data showed that the line width of487
ESR-spectra remained between 4 and 6 G for the wood chars independent488
on the heating rate and holding time, whereas the herbaceous biomass chars489
obtained a narrow line width (2.3 and 3.4 G) and broad line width (4 and490
7.1 G) which did not change significantly during pyrolysis. Both line types491
were narrower than the line widths of radicals obtained for carbon black (23-492
66 G) [75]. The ESR signal of pyrolyzed lignocellulosic materials is often only493
a broad featureless singlet without the hyperfine splitting which is caused by494
the presence of multiple radical species or strong matrix interaction occurred495
between the products [76]. In addition, the heterogeneity of biomass samples496
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and that the radicals are not exclusively centered on single atoms could lead497
to broad featureless singlets, as reported by Herring et al. [76]. Investigations498
of Ross et al. [77] showed that the differences in line widths were caused by499
the formation of the disorganized carbon with unpaired electrons (narrow500
signal) and organized carbon with the conductive electrons (broad signal).501
In the present study, the line broadening of rice husk chars was associated502
with the radicals of carbon-centered type, encapsulated in the chars due to503
the amorphous silicon melting at high temperatures.504
5. Conclusion505
High concentrations of free radicals were detected by ESR in wood and506
herbaceous chars from the decay stage of pyrolysis at slow and fast heating507
rates and at temperatures above 1000◦C. The free radicals in the lignocellu-508
losic chars from the decay stage of pyrolysis were stable at room temperature509
and showed similar structural characteristics. The radical concentrations510
ranged up between 7 ·1016 and 1.5·1018 spins g−1. The results showed that511
the radicals in wood and herbaceous biomass chars were mainly aliphatic and512
PAH radicals, whereas the original lignocellulosic materials contained mainly513
oxygen-centered radicals. The ESR spectra of radicals showed the narrower514
line widths of < 6 G. The g-factors (2.0026-2.0030) in the chars from the de-515
cay stage of pyrolysis were attributed to pi-hydrocarbon radicals, embedded516
in larger polycyclic aromatic hydrocarbon structures of biomass chars.517
Similar radical concentrations were detected by ESR in the chars gener-518
ated in the wire mesh reactor from pinewood, beechwood and leached wheat519
straw. The original lignocellulosic materials showed differences in the distri-520
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bution among the three major biomass constituents (cellulose, hemicellulose,521
lignin), whereas the alkali content was similarly low compared to rice husk522
and wheat straw. The results indicate that the biomass major constituents523
had a minor effect on remaining radical concentrations compared to potas-524
sium and silica contents.525
Potassium was proposed to catalyze the reaction between radicals form-526
ing larger and stable structures. The higher radical concentrations in the527
wheat straw chars from the decay stage of pyrolysis in the entrained flow re-528
actor compared to the wood chars were related to the decreased mobility of529
potassium in the char matrix, leading to the less efficient catalytic effects of530
potassium on the bond-breaking and radical re-attachments. The high levels531
of radicals in the rice husk chars generated in the wire mesh and entrained532
flow reactors were related to the trapping of free radicals in a molten Si-rich533
char with increasing temperature, and followed by the rapid cooling in the534
reactors.535
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Table 1: g-Factors of radicals found in lignocellulosic materials and their chars.
g-factor Description Ref.
Carbon-centered radicals
2.0025-2.0026 aliphatic pi type radicals located on hydrocarbons [12]
2.0026-2.0028 simple 1-5 rings aromatic hydrocarbons [12]
2.0028 graphitic carbon, unsubstituted aliphatic radical [61, 62]
2.0029 complex aromatic hydrocarbons (coronene,
benzoperylene)
[12]
2.003-2.004 carbon-centered with an oxygen atom [78]
2.0030-2.0035 azaaromatics [50]
2.0035-2.0042 azo compounds [50]
Oxygen-centered radicals
2.0038-2.0047 pi type radicals (quinones, 1-3 rings) [12]
2.0035-2.0040 ethers (mono-, di- and trimethoxybenzenes) [12]
2.0040-2.0060 semidioone, semiquinone, ketyl anions [50]
Nitrogen-centered radicals
2.0031 nitrogen-containing radicals [12]
2.0045-2.0055 nitro compounds [50]
2.0055-2.0065 nitroxyls [50]
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Table 2: Proximate and ultimate analysis of fuels and ash analysis.
Fuel Pine- Beech- Wheat Leached Rice Lignin Lignin Xylan from
wood wood straw wheat straw husk wheat straw softwood beechwood
Proximate analysis
Moisture, (% as received) 5.1 4.5 5.5 4.3 4.5 4.4 6.1 3.3
Ash (550◦C), (% dry basis) 0.3 1.4 4.1 2 21.7 3.6 1.3 2
Volatiles, (% dry basis) 86.6 79.4 77.5 84.2 64.3 66.3 67.3 81.6
HHV, (MJ kg−1) 21.6 20.2 18.8 18.7 15.5 26.7 26.4 14
LHV, (MJ kg−1) 20.2 19 17.5 17.4 14.5 25.5 25.2 14
Ultimate analyses, (% dry basis)
C 50.5 46.7 42.4 45.7 35.5 61.8 64.6 39.7
H 6.8 6.3 6.3 6.6 5.5 3.8 5.3 6.1
O 42.3 45.3 46.2 45.4 37.2 29.4 28 51.9
N 0.1 0.3 1 0.3 0.1 1.4 0.8 0.3
S <0.01 0.02 0.1 0.02 0.03 0.8 0.1 0.02
Cl 0.01 0.02 0.1 0.01 0.05 0.03 0.5 0.01
Ash compositional analysis, (mg kg−1 dry basis)
Al 10 10 150 100 70 300 100 10
Ca 600 2000 2500 1300 750 200 250 5700
Fe 20 10 200 350 80 1400 600 150
K 200 3600 11000 1300 2500 270 80 180
Mg 100 600 750 350 400 40 <30 80
Na 30 100 150 50 70 6800 4100 19200
P 6 150 550 80 600 30 30 150
Si 50 200 8500 6200 98500 4000 900 3
Ti 2 <8 10 10 5 100 50 100
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Table 3: Biomass feedstock composition, calculated in percentage based on dry weight (%
dry basis).






Pinewood 38.3 17.8 29.6 1.8 31.4 8.8* 0.6
Beechwood 35 19.2 32 1.5 33.5 7.5* 1.9
Wheat straw 35.9 18 19.2 6.5 25.7 10.1** 6.3
Leached wheat straw 32.1 23.5 13.8 2 15.8 13.3** 1.3
Rice husk 36.7 17.7 21.6 1.2 22.8 1** -
* acetone extraction ** ethanol-water extraction at room temperature
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Table 4: Assignment of resonances in the 13CP/MAS NMR and 13SP/MAS NMR spectra
of the original beechwood, wheat straw and rice husk [79–83].
Chemical shift, ppm Description
172-174 Carbohydrate; -COO-R, CH3-COO-
153-154 Lignin; S3(e), S5(e)
145-148 Lignin; S3(ne), S5(ne), G1(e), G4(e)
133-138 Lignin; S1(e), S4(e), G1(e)
121-122 Lignin; G6
105-106 Carbohydrates; C1, Lignin; S2, S6
89-92 C4 in cellulose (cr)
84-85 C4 in cellulose (am)
72-75 C2, C3 in carbohydrates; C5 in cellulose
63-65 CH2OH (C6 in cellulose, C5 in xylan)
56-57 Lignin, OCH3
30-38 CH2 in aliphatics
21 Carbohydrates; CH3-COO-
Abbreviations: S, syringyl; G, guaiacyl; ne, in non-etherified arylglycerol β-aryl ethers; e, in etherified
arylglycerol β-aryl ethers.
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Table 5: Simulation results of original biomass and chars prepared in the wire mesh and
tubular reactors.








tubular reactor 10 K min−1
94.9 2.0028 5.2
5.2 2.0034 4.1







tubular reactor 10 K min−1
17.3 2.0030 5
82.7 2.0039 4
wire mesh reactor, 1 s 1000 K s−1
21.8 2.0035 2.9
78.2 2.0028 4.1





tubular reactor 10 K min−1
17.6 2.0033 4
82.4 2.0026 5.6
wire mesh reactor, 1 s 1000 K s−1 100 2.0031 2.5





tubular reactor 10 K min−1 100 2.0030 4.4





tubular reactor 10 K min−1
27.7 2.0026 2.5
72.3 2.0046 7.1
wire mesh reactor, 1 s 1000 K s−1 100 2.0030 7.5
wire mesh reactor, 2 s 1000 K s−1 100 2.0028 9.8
40
Table 6: Simulation results of biomass compounds and chars generated in the wire mesh
reactor (heat treatment temperature: 1000◦C; heating rate: 1000 K s−1; holding time:
1 s) and wheat straw and rice husk chars generated in the entrained flow reactor (heat






original compound 100 2.0047 5.8
wire mesh reactor, 1 s, 1000 K s−1 100 2.0030 5
Lignin (softwood)
original compound 100 2.0037 5
wire mesh reactor, 1 s, 1000 K s−1 100 2.0029 4.3
Lignin (straw)
original compound 100 2.0046 4.2







entrained flow reactor, 1000◦C 100 2.0028 3.1
entrained flow reactor, 1250◦C 100 2.0030 2.8





entained flow reactor, 1000◦C 100 2.0032 15.8
entrained flow reactor, 1250◦C 100 2.0031 10.1
entrianed flow reactor, 1500◦C 100 2.0030 7.8
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image43.pdf
Figure 1: Schematic top view of the wire mesh reactor at TU Munich: 1. Reactor steel
casing; 2. Electrodes and holder of the wire mesh with a sample; 3. Thermocouples B-
type; 4. Thermocouples S-type; 5. Thermocouples K-type; 6. Wire mesh with a sample;




Figure 2: Schematic view of the tubular reactor at DTU: 1. Gas bottle (N2); 2. Valve;
3. Ceramic tube; 4. Horizontal tubular furnace; 5. Quartz boat; 6. Electric heater and
temperature controller; 7. Exhaust gas.
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image44.pdf
Figure 3: Schematic view of the entrained flow reactor (BabiTER) at TU Munich [38, 39]:
1. Feeding gas (N2) ; 2. Main gas (N2); 3. Fuel feeding system; 4. Pre-heater; 5. Tube
furnace; 6. Water quench; 7. Collection probe; 8. Solid residue char bin; 9. Metal filter; 10.
Impinger bottle; 11. Gas analyzer; 12. Pump (Venturi); 13. Gas analysis/measurement
controller; 14. Exhaust gas [84].
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4(a): Char yield and radical concentrations in the WMR
image42.pdf
4(b): Char yield and radical spin concentration in the EFR
Figure 4: Char yields (blue-red diamonds) and ESR concentration (spins x 1016 g−1): 4(a)
pinewood, beechwood, rice husk, leached wheat straw and wheat straw chars prepared in
the wire mesh reactor (heat treatment temperature: 1000◦C, heating rate: 1000 K s−1,
holding time: 1 s) and shown as green stars; 4(b) wheat straw and rice husk chars prepared
in the entrained flow reactor (heat treatment temperatures: 1000, 1250 and 1500◦C) versus
potassium content in the original lignocellulosic materials.
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image46.pdf
Figure 5: Ash compositional analysis of rice husk and wheat straw pyrolyzed in the
BabiTER reactor at 1000, 1250 and 1500◦C. The ash composition of both lignocellulosic
materials and their chars is shown in g kg−1 on dry basis [84].
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image36.pdf
6(a): Van Krevelen plot of chars prepared in the wire mesh and
tubular reactors
image13.pdf
6(b): Van Krevelen plot of chars prepared in the entrained flow
reactor
Figure 6: Van Krevelen plot of original biomass and their chars prepared 6(a) in the
tubular reactor (heat treatment temperature: 350, 600 and 1000◦C; heating rate: 10 K
min−1; holding time: 10 min) and in the wire mesh reactor (heat treatment temperature:
600 and 1000◦C; heating rate: 10 K s−1 and 1000 K s−1; holding time: 1 s); 6(b) in the
entrained flow reactor (heat treatment temperatures: 1000, 1250 and 1500◦C).
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image27.pdf
7(a): Beechwood, 1000 K s−1
image30.pdf
7(b): Straw, 1000 K s−1
image33.pdf
7(c): Rice husk, 1000 K s−1
image26.pdf
7(d): Beechwood, 10 K min−1
image29.pdf
7(e): Straw, 10 K min−1
image32.pdf






7(i): Rice husk, raw
Figure 7: 13C CP/MAS and 13C SP/MAS NMR spectra of the original beechwood, wheat
straw, and rice husk and their chars pyrolyzed in the tubular reactor (heat treatment tem-
perature: 1000◦C; heating rate: 10 K min−1; holding time: 10 min) and chars pyrolyzed
in the wire mesh reactor (heat treatment temperature: 1000◦C; heating rate: 1000 K s−1;
holding time: 1 s).
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image1.pdf
8(a): Comparison of raw fuels and their
chars generated in the WMR and TR
image10.pdf
8(b): Comparison of raw fuels and their
chars generated at 1 s or 2 s holding time
in the WMR
image2.pdf
8(c): Comparison of biomass compounds
pyrolyzed in the WMR
image3.pdf
8(d): Comparison of raw fuels and their
chars generated in the EFR
Figure 8: ESR concentration (spins x 1016 g−1) of original lignocellulosic materials and
their chars in: 8(a) Pinewood, beechwood, wheat straw, leached wheat straw, rice husk
pyrolyzed in the wire mesh reactor (heat treatment temperature: 1000◦C, heating rate:
1000 K s−1, holding time: 1 s) and in the tubular reactor (heat treatment temperature:
1000◦C, heating rate: 10 K min−1, holding time: 10 min); 8(b) Beechwood, wheat straw
and rice husk pyrolyzed in the wire mesh reactor (heat treatment temperature: 1000◦C,
heating rate: 1000 K s−1, holding time: 1 s or 2 s); 8(c) Hemicellulose, lignin (wheat straw)
and lignin (softwood) pyrolyzed in the wire mesh reactor (heat treatment temperature:
1000◦C, heating rate: 1000 K s−1, holding time: 1 s); 8(d) Wheat straw and rice husk
pyrolyzed in the entrained flow reactor (heat treatment temperature: 1000, 1250 and
1500◦C). No free radicals were detected in the pinewood and leached wheat straw chars
from the decay stage of pyrolysis in the entrained flow reactor.
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9(a): ESR-spectra of original beechwood
image39.pdf
9(b): ESR-spectra of rice husk char prepared in the WMR
Figure 9: Experimental ESR-spectra of 9(a) original beechwood and 9(b) rice husk char (or
PAH radical type 3 from Table 5) pyrolyzed in the wire mesh reactor (1000◦C, 1000 K s−1,
1 s) and fitted to simulated data with RMS = 0.85 (original beechwood) and RMS =0.999
(rice husk char). The experimental ESR-spectra are shown (black line), the simulated
spectra (red line), fitting peak 1 (red dotted line) and fitting peak 2 (black dashed line).
The Mn (II) internal marker signals are marked by stars.
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image34.pdf
10(a): ESR-spectra of rice husk
image35.pdf
10(b): ESR-spectra of wheat straw
Figure 10: ESR-spectra of 10(a) rice husk (raw (RMS = 0.86) and their chars prepared in
the entrained flow reactor at 1000◦C (RMS = 0.94), at 1250◦C (RMS = 0.85), at 1500◦C
(RMS = 0.959), and in the wire mesh reactor at (1000◦C, 1000◦C s−1, 1 s or 2 s (RMS =
0.999))); 10(b) wheat straw (raw (RMS = 0.85) and their chars prepared in the entrained
flow reactor at 1000◦C (RMS = 0.85), at 1250◦C (RMS = 0.86), at 1500◦C (RMS = 0.87),
and in the wire mesh reactor (1000◦C, 1000 K s−1, 1 s or 2 s (RMS = 0.87))). The Mn (II)
internal marker signals are marked by stars.
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